This work examines the biological activity of essential oils of Cinnamomum camphora leaves, C. glaucescens fruit, and C. tamala root from Nepal. The oils were screened for phytotoxic activity against lettuce and perennial ryegrass, brine shrimp lethality, and antibacterial, antifungal, cytotoxic, insecticidal, and nematicidal activities. C. camphora leaf essential oil was phytotoxic to lettuce, antifungal to Aspergillus niger, and insecticidal, particularly toward midge and butterfly larvae, fruit flies, and fire ants. C. camphora oil was also toxic to brine shrimp and human breast tumor cells. C. glaucescens fruit essential oil showed notable nematicidal activity, as well as termiticidal and mosquito larvicidal activity. The root essential oil of C. tamala was toxic to mosquito larvae and fire ants.
Hydrocinnamyl acetate -
Geranyl acetate - a RI = "Retention Index" determined on an HP-5ms column with respect to a homologous serious of n-alkanes. b Raw percentages based on total ion current without standardization. c tr = "trace" (< 0.05%).
that this is the first study of C. tamala root essential oil. However, previous leaf essential oil studies have shown eugenol and cinnamaldehyde to be major components, with Indian samples reporting 81.7% to 78% eugenol [20, 21] . However, other studies showed linalool (50.3-33.7%, 19.7%, and 15.7-15.3%) and cinnamaldehyde (12.7-8.7%, 52.8%, and 41.2-55.2%) as the main components of the leaf oil of C. tamala, while eugenol was found in trace amounts [22] [23] [24] .
Hydrodistilled C. glaucescens fruit (berries) essential oil was found to contain primarily methyl (E)-cinnamate (40.5%) and 1,8-cineole (24.8%). Smaller quantities of α-terpineol (7.4%), sabinene (5.7%), terpinen-4-ol (4.8%), and linalool (3.7%) were also present. In another study from Nepal, the fruit oil of C. glaucescens showed a qualitatively similar composition with major components being 1,8 cineole (13%), methyl (E)-cinnamate (14%), and α-terpineol (7%) [25] . In contrast, a C. glaucescens fruit essential oil from India showed no methyl cinnamate, but a large percentage of 1,8-cineole (43.6%) [17] . In comparison, leaf oil from India of C. glaucescens contained elemicin (92.9%) and methyl eugenol (4.9%) as major components [15] .
Allelopathic activity: The allelopathic activities of Nepalese Cinnamomum essential oils were analyzed in terms of inhibition of seed germination, as well as inhibition of seedling growth against a representative dicot (lettuce, Lactuca sativa) and a representative monocot (perennial ryegrass, Lolium perenne). The allelopathic activities of C. camphora, C. tamala, and C. glaucescens essential oils are summarized in Table 2 . Lactuca sativa seed germination was notably inhibited by C. camphora (#15) essential oil (IC 50 = 149 μg/mL), as well as its major component, camphor (IC 50 = 239 μg/mL). Although neither C. tamala nor C. glaucescens appreciably affected germination of either L. sativa or L. perenne, the major component of C. glaucescens oil, methyl (E)-cinnamate did inhibit L. perenne germination (IC 50 = 610 μg/mL).
L. sativa seedling growth was more sensitive to the Cinnamomum essential oils than L. perenne. C. camphora essential oil significantly inhibited L. sativa radicle growth at 250 μg/mL, which can be attributed to the major component, camphor. C. glaucescens essential oil and methyl (E)-cinnamate were inhibitory to both L. sativa and L. perenne at the concentrations tested. C. tamala oil inhibited seedling growth of L. sativa at 500 μg/mL and L. perenne at 1000 μg/mL, likely due to the high concentration of camphor in this essential oil.
Antimicrobial activity: Essential oils from the three species were analyzed for antibacterial and antifungal activities, while the major components were also tested to determine the compounds responsible for the results (Table 3 ). Of the three essential oils tested, only C. camphora showed significant antifungal activity against A. niger (MIC = 20 μg/mL). The antifungal activity is hypothesized to be due to synergism among the essential oil components rather than to any one of the constituents. Camphor (36.5%), limonene (9.0%), and -pinene (6.3%) all exhibited MICs of 156 μg/mL against A. niger (Table 3) . C. camphora oil also showed marginal activity against B. cereus and S. aureus, with a MIC = 313 μg/mL. C. camphora essential oils have been previously noted to have antifungal [26] [27] [28] and antibacterial activities [18, 29] , in agreement with the antimicrobial activities of Nepalese C. camphora. C. tamala essential oil was also somewhat active against A. niger (MIC = 156 μg/mL).
Cytotoxicity and brine shrimp lethality:
All three essential oils exhibited in-vitro cytotoxic activity against MCF-7 cells, and these activities also correlate with brine shrimp lethality (Table 3 ). Anderson and co-workers had previously reported a correlation between brine shrimp lethality and cytotoxic activity [30] . Most of the essential oil components tested also showed cytotoxicity to MCF-7 cells, as well as brine shrimp lethality.
Insecticidal activity:
The Cinnamomum essential oils were screened for insecticidal activity against mosquito (Culex pipiens) and midge (Chaoborus plumicornis) larvae, cabbage white butterfly (Pieris rapae) larvae, termites (Reticulitermes virginicus), fruit flies (Drosophila melanogaster), and red imported fire ants (Solenopsis invicta × richteri) ( Table 3 ). All three essential oils showed mosquito larvicidal activities comparable with or better than previously reported essential oils, for example, common myrtle (Myrtus communis) [31] , bay laurel (Laurus nobilis) [32] , amyris (Amyris balsamifera) [33] , and spearmint (Mentha spicata) [34] , against Culex pipiens. Consistent with the mosquito larvicidal activity, the essential oils and components showed larvicidal activity against Chaoborus larvae as well. C. camphora leaf oil had previously shown such activity against Culex quinquefasciatus [35] and Aedes aegypti [36] .
C. camphora leaf oil was the most active essential oil against cabbage butterfly larvae, fruit flies, and fire ants (LC 50 = 186, 153, and 176 μg/mL, respectively).
C. camphora leaf oil had previously shown insecticidal activity against fire ants (Solenopsis invicta) [37] , the rice weevil (Sitophilus oryzae), the broadbean weevil (Bruchus rufimanus) [38] , C. camphora oil also showed insect repellent activity against these stored grain beetles [38] as well as adult Aedes aegypti, Anopheles stephensi, and Culex quinquefasciatus mosquitoes [39] , and the red bud borer, Resseliella oculiperda [40] . Camphor was shown to be the insecticidal component in this present work and in a previous study on stored grain insect pests [41] .
C. glaucescens fruit oil was the most active Cinnamomum oil against termites with an LC 50 = 34 μg/mL. Several essential oils have shown termiticidal activity [42] [43] [44] [45] [46] [47] , but differences in assay protocols preclude comparisons of bioactivities.
Nematicidal activity: C. glaucescens fruit essential oil exhibited the strongest nematicidal activity with an LC 50 of 151 μg/mL, followed by C. camphora leaf oil (LC 50 = 574 μg/mL) and C. tamala root oil (LC 50 = 1320 μg/mL). The nematicidal activity of C. glaucescens oil on C. elegans can be attributed to its major component, methyl (E)-cinnamate (LC 50 = 138 μg/mL), which had previously shown nematicidal activity against the pine wood nematode, Bursaphelenchus xylophilus [48, 49] . The other major component in C. glaucescens oil, 1,8-cineole, was inactive against C. elegans, as well as the root knot nematode, Meloidogyne incognita [50] . Notably, camphor, the major component in both C. camphora and C. tamala oils, was also inactive against C. elegans. Camphor was reported by Ntalli and co-workers [51] to be inactive against the root knot nematode, M. incognita, in contrast to an earlier report by Al-Banna et al. [52] .
Plant-derived natural products have been used for thousands of years, both for their medicinal properties [53] , as well as pesticidal utilities [54] [55] [56] . Essential oils are attractive as pesticidal agents because they are readily available, renewable, readily degraded, and non-polluting. Essential oils have been utilized as fungicides [57] , herbicides [58] , insecticides [59] , and nematicides [60, 61] . In this work, we have demonstrated the pesticidal potential of essential oils derived from Cinnamomum camphora, C. glaucescens, and C. tamala. In particular, C. camphora leaf essential oil was phytotoxic to lettuce, antifungal to Aspergillus niger, and insecticidal, particularly toward midge and butterfly larvae, fruit flies, and fire ants. C. camphora oil was also toxic to brine shrimp and human breast tumor cells. C. glaucescens fruit essential oil showed notable nematicidal activity, as well as termiticidal and mosquito larvicidal activity. The root essential oil of C. tamala was toxic to mosquito larvae and fire ants. 
Gas chromatographic-mass spectral analysis:
The Cinnamomum essential oils were analyzed by GC-MS using an Agilent 6890 GC with an Agilent 5973 mass selective detector [MSD, operated in the EI mode (electron energy = 70 eV), scan range = 45-400 amu, and scan rate = 3.99 scans/sec), and an Agilent ChemStation data system. The GC column was an HP-5ms fused silica capillary with a (5% phenyl)-polymethylsiloxane stationary phase, film thickness 0.25 μm, length 30 m, and an internal diameter of 0.25 mm. The carrier gas was helium with a column head pressure of 48.7 kPa and a flow rate of 1.0 mL/min. Injector temperature was 200°C and detector temperature 280°C. The GC oven temperature program was used as follows: 40°C initial temperature, hold for 10 min; increased at 3°C/min to 200°C; increased 2°/min to 220°C. A 1%, w/v, solution of the sample in CH 2 Cl 2 was prepared and 1 μL was injected using a splitless injection technique.
Identification of the oil components was based on their retention indices determined by reference to a homologous series of nalkanes, and by comparison of their mass spectral fragmentation patterns with those reported in the literature [62] and stored on the MS library [NIST database (G1036A, revision D.01.00)/ChemStation data system (G1701CA, version C.00.01.080)]. The percentages of each component are reported as raw percentages based on total ion current without standardization.
Allelopathic activity assays:
An allelopathic bioassay based on lettuce (Lactuca sativa L.) and perennial rye grass (Lolium perenne L.) germination and subsequent radicle and hypocotyl growth [63] was measured to study the effects of the Cinnamomum essential oils and major essential oil components. Stock solutions of each essential oil or compound (2.0 g/L essential oil and 1.0 g/L Tween-80 in water) were prepared and used for the assays. Two-fold serial dilutions of stock test solutions were prepared to give test concentrations of 4000, 2000, 1000, 500, and 250 µg/mL with the control being 1.0 g/L aqueous Tween-80. Seeds were placed in 6well test plates (10 seeds per well), each well lined with 2 layers of Whatman No. 1 filter paper moistened with test solution, and the test plates were sealed with Parafilm ® . The test plates were incubated at room temperature in the dark for 5 days, after which the number of germinated seeds was determined and the root (radicle) and shoot (hypocotyl) lengths were measured. Student's ttest [64] was used to compare radicle and hypocotyl test means with controls. Seed germination IC 50 values were determined using the Reed-Muench method [65] . Minimum inhibitory concentrations (MIC) were determined using the microbroth dilution technique [66] . Dilutions of the essential oil were prepared in cation-adjusted Mueller Hinton broth (CAMHB) beginning with 50 L of 1%, w/w, solutions of essential oil in DMSO plus 50 L CAMHB. The extract solutions were serially diluted (1:1) in CAMHB in 96-well plates. Organisms at a concentration of approximately 1.5  10 8 colony forming units (CFU)/mL were added to each well. Plates were incubated at 37°C for 24 h; the final minimum inhibitory concentration (MIC) was determined as the lowest concentration without turbidity. Geneticin was used as a positive antibiotic control; DMSO was used as a negative control. Antifungal activity against Aspergillus niger (ATCC No. 16888) was determined as above using potato dextrose broth inoculated with A. niger hyphal culture diluted to a McFarland turbidity of 1.0. Amphotericin B was the positive control.
Cytotoxicity screening: Human MCF-7 breast adenocarcinoma cells (ATCC No. HTB-22) [67] were grown in a 3% CO 2 environment at 37°C in RPMI-1640 medium, supplemented with 10% fetal bovine serum, 100,000 units penicillin and 10.0 mg streptomycin per L of medium, 15 mM of Hepes, and buffered with 26.7 mM NaHCO 3 , pH 7.35. Cells were plated into 96-well cell culture plates at 2.5  10 4 cells per well. The volume in each well was 100 μL. After 48 h, supernatant fluid was removed by suction and replaced with 100 μL growth medium containing 1.0 μL of DMSO solution of the essential oil (1%, w/w, in DMSO), giving a final concentration of 100 μg/mL for each well. Solutions were added to wells in 4 replicates.
Medium controls and DMSO controls (10 μL DMSO/mL) were used. Tingenone [68] was used as a positive control. After the addition of compounds, plates were incubated for 48 h at 37°C in 5% CO 2 ; medium was then removed by suction, and 100 μL of fresh medium was added to each well. In order to establish percent kill rates, the MTT assay for cell viability was carried out [69] . After colorimetric readings were recorded (using a Molecular Devices SpectraMAX Plus microplate reader, 570 nm), average absorbances, standard deviations, and percent kill ratios (%kill cmpd /%kill DMSO ) were calculated.
Brine shrimp lethality assay:
The brine shrimp, Artemia salina (L.), lethality test was carried out using a modification of the procedure by McLaughlin [70] . A. salina eggs were hatched in a sea salt solution (Instant Ocean ® , 38 g/L) with an incandescent light bulb as the heat source. After 48 h, the newly hatched nauplii were counted using a micropipette and transferred to 20 mL vials. Nine vials were prepared, each containing 10 A. salina nauplii in 10 mL of sea salt solution (same as the hatching solution). Three vials were labeled as controls with the first containing no DMSO, another with 10 µL, and the last with 100 µL DMSO. Three replicate vials contained 10 µL of 1% essential oil solution in DMSO, and the other 3 were prepared by adding 100 µL of 1% essential oil solution in DMSO. Surviving A. salina were counted after 24 h. LC 50 values (Table 3) were determined using the Reed-Muench method [65] .
Butterfly larvicidal activity assay: Cabbage white butterfly, Pieris rapae (L.), eggs were purchased from Carolina Biological Supply (Item # 144100). The egg strip was cut into smaller sections and the eggs placed onto organically grown collared green (Brassica oleracea L.) leaves. The eggs hatched in 48 h, after which they were placed on collard green leaves in a Petri dish. Three different essential oil concentrations were made in 1% tween water solutions (1000 μg/mL, 500 μg/mL, and 250 μg/mL). Leaf disks (6.5 cm) were prepared from collar leaves and dipped into the different concentrations of sample solution separately for 30 sec. Solvents were evaporated in a fume hood for 30 min. The control was made from 1% tween water solution only. The leaf disks were each placed in a Petri dish and 10 P. rapae larvae were transferred into each disk. The number of dead larvae was counted after 48 h.
Termiticidal assay: Worker termites, Reticulitermes virginicus (Banks), were purchased from Carolina Biological Supply (Item # 143736). The termiticidal assay was carried out using a 6-well culture plate, each well fitted with a filter paper disc. Solutions of the essential oils and major components were prepared in 1% aqueous Tween ® 80 solution at 2000, 1000, and 500 μg/mL. Sample solutions (200 μL) of each concentration were sprayed into 3 of the wells. Water and 1% aqueous Tween ® 80 were used as controls in the remaining wells. Six termites were placed into each well and termiticidal activity was determined after 24 h.
Mosquito larvicidal assay:
Larvae of Culex pipiens L. were obtained from Carolina Biological Supply (Item # 144478). For the bioassay, 10 mL of sterile water was placed in five 20 mL vials. Into each vial, 10 mosquito larvae were transferred using a soft brush. Three vials were labeled as control with the first one containing 10 µL DMSO, the second containing 100 µL DMSO and the third containing only sterile water. Into the remaining 2 vials were added 10 µL of 1% solution of essential oil in DMSO and 100 µL of 1% essential oil/DMSO solution (i.e., final concentrations of 10 and 100 μg/mL). Surviving mosquito larvae were counted after 24 h. The experiments were carried out at 23 ± 2ºC. An analogous assay was carried out using midge (Chaoborus plumicornis Fab.) larvae (glassworm), which were obtained from a local aquarium shop.
Fruit fly lethality assay: Wild type Drosophila melanogaster
Meigen were obtained from Carolina Biological Supply and a breeding colony maintained using a Drosophila culture kit. Drosophila medium (2 mL) was placed into each of five 20 mL glass vials. Three vials were labeled as control, the first containing only Drosophila medium, the second with 20 μL DMSO, and the third with 150 μL of DMSO. Another 2 vials contained 20 μL of 1% essential oil solution in DMSO, and the other vial was prepared by adding 150 μL of 1% essential oil solution in DMSO. Ten individual fruit flies were transferred into each vial. The bioassay was carried out in triplicate. Surviving fruit flies were counted after 24 h.
Fire ant lethality assay:
Worker red imported fire ants, probably Solenopsis invicta × richteri hybrid [71] , were collected from the University of Alabama in Huntsville. Sample solutions of 1000 μg/mL, 500 μg/mL and 250 μg/mL were prepared in 1% aqueous Tween-80 ® solution. The control was 1% Tween solution. Each assay was carried out using a 400 mL beaker, fitted with a filter paper disk on the bottom. The filter paper was sprayed with 600 μL of sample solution and 20 fire ant workers were transferred to the beaker, which was sealed with Parafilm ® . The mortality of fire ants was recorded after 24 h. The bioassay was carried out at room temperature in triplicate. LC 50 values were calculated using the Reed Muench method [65] .
Nematicidal assay: A nematicidal assay using Caenorhabditis elegans (Maupas) was carried out using a modification of the procedure of Park and co-workers [72] . A 1% solution of each essential oil and major component in DMSO was prepared. Dilutions of the sample solution were prepared in sterile water solution beginning with 50 μL of the 1% essential oil solution plus 50 μL sterile water. The sample solution was serially diluted (1:1) with sterile water in a 96-well plate. Into each well, 10-30 C. elegans (mixtures of juvenile and adult nematodes, male: female: juvenile ~1:1:2) per 50 μL of sample solution. Sterile water and serially diluted DMSO were used as controls. The dead and living nematodes were counted after 24 h under a microscope. Dead nematodes were identified by their immobility, and straight body, even after transfer to clean water. LC 50 values (Table 3) were determined using the Reed-Muench method [65] .
